Nanocomposites based on few-layers graphene oxide (FGO) decorated with porphyrin nanorods (PN) were synthesized and the interfacial interaction between these two components was investigated by using scanning electron microscopy (SEM), photoluminescence spectroscopy, resonant Raman scattering and Fourier transform infrared (FT-IR) techniques. SEM showed good exfoliation of FGO and its successful interaction with the PN. The photoluminescence results showed an important interaction between FGO and PN resulting in a quenching of the photoluminescence of the PN-FGO composite. Resonant Raman with PN aggregates and FT-IR results revealed a ππ intermolecular interaction confirming the energy/charge transfer. Moreover, the investigation of X-ray diffraction confirmed the intercalation of PN in FGO and their disaggregation. The findings presented here are an important contribution to achieving the functionalization of graphene derivative surfaces with PN for various optoelectronic applications and particularly photovoltaic cells.
Introduction
Over the past years, huge scientific interest has been focused on graphene due to its new and unique electronic and optical properties. Graphene-based materials have great potential for practical applications in nanoelectronics [1, 2] , energy storage [3] , liquid crystal devices and transparent conductive film, nanoelectro-mechanical devices [4] , polymer composites and biomedicine. Recently Few-layers graphene oxide (FGO) has emerged as a new material based on carbon at the nanoscale. Structurally, FGO is similar to graphene, with a base of groups containing oxygen [5] . As these groups have a strong affinity for water molecules, graphene oxide is hydrophilic and can be easily dissolved in water and other solvents.
Porphyrin nanorods (PN) are aromatic macrocycles with a cyclic-tetrapyrrole structure, electron rich, characterized by a remarkably high extinction coefficient in the visible range. These nanorods are functional with a variety of chemical, biological and unique photophysical properties [6] . In addition, they absorb strongly on graphite surfaces. Porphyrin nanorods are of potential interest as they can play a major role in achieving a rapid transfer of energy with a minimum of loss [7, 8] . Given the advantages of noncovalent functionalization, which can avoid destruction of π-conjugated skeleton and loss of electronic properties of FGO, the process used in this work allows functionalization of FGO with PN obtained by self-assembly.
The FGO/PN prepared were characterized by SEM, steadystate photoluminescence, resonant Raman scattering, infrared, and X-ray diffraction techniques in order to probe the interfacial bonding and electronic interaction between FGO and PN. These interactions showed a strong effect on these nanocomposite transient photoluminescence properties, as has been shown in our previous work.
Experimental Set-up
Graphene oxide (GO) was synthesized by our modified Hummer's method [9, 10] . The well-dispersed GO sheets were prepared using (KMnO4/H2SO4), and then the precipitate was washed many times with de-ionized water. The final solution was diluted and sonicated for a major exfoliation of the oxidized sheets. PN were synthesized via an ionic self-assembly technique by mixing aqueous solutions of two porphyrin precursors using the same procedures developed by Wang and al. [11, 12] . Mesotetrakis (4-phenylsulphonicacid) porphyrin (H 2 TPPS 4 2-) dihydrochloride and Sn(IV) tetrakis(4-pyridyl)porphyrin (SnTPyP 2+ ) dichloride were purchased from Frontier Scientific and used without further purification. To obtain porphyrin self-assembly nanorods, equal volumes of an acidified H 2 TPPS 4 2-solution (10.5 µM) and a Sn (IV)-tetrakis (4-pyridyl) porphyrin (Sn(IV)TPyP 2+ ) dichloride solution (3.5 µM) were mixed and left undisturbed in the dark for 72 hours at room temperature. Rod formation is very sensitive to solution conditions, especially pH, because it alters the charge balance; hence, the synthesis was conducted under acidic conditions of pH ~2. First, the solution of the porphyrin nanorods was mixed with FGO, and then the obtained mixture was put into an ultrasound bath for 15 min at room temperature to insure homogeneity. Finally, a thin film of the FGO-PN composite was deposited by drop casting on a glass slide, which was rinsed with distilled water and acetone, and dried in an oven. SEM images were obtained using a JEOL JSM 7600F and steady-state photoluminescence measurements were carried out at room temperature with a Jobin Yvon Fluorolog-3 spectrometer using a Xenon lamp (500 W) and a CCD detector. Raman spectra were carried out using a Bruker spectrometer SENTERRA Raman Stokes and a spectral range of 90-3200 cm -1 with an excitation wavelength λ = 785 nm; for our samples the laser power was adjusted to a low power 10 mW. A Jobin Yvon T64000 Raman spectrometer was used to record spectra at excitation wavelength of 514 nm; laser power was adjusted to 7 mW. Infrared absorption measurements were performed using a Fourier transform VERTEX 70 Series FT-IR spectrometer. X-ray diffraction (XRD) patterns of FGO, porphyrin nanorods and composites were established with Bruker's D8 advanced X-ray diffractometer using CuKα radiation (λ=1.5418 Ǻ).
Results and Discussion

SEM
Scanning electron microscopy (SEM) images show graphene oxide layers and FGO-PN. The FGO images ( Fig.  1(a) ) present a network of randomly oriented sheet-like structures, and a wrinkled texture was observed. The SEM images of the FGO-porphyrin nanorods composite materials reveal that a better exfoliation of FGO and a good degree of homogeneity with a micrometre order of magnitude were achieved, resulting in the uniform and dense surface observed in Fig. 1(b) . TEM images of PN aggregates and their disaggregation after their interaction with FGO can be seen in our previous work [13] . 
Steady-state Photoluminescence
Steady-state photoluminescence is widely used to investigate the efficiency of charge carrier trapping, migration and charge transfer and to understand the behaviour of electron-hole pairs in nanoparticles. Fig. 2 shows the PL spectra acquired at room temperature and under excitation wavelength of 420 nm for FGO, PN and FGO/PN composite. The PL spectrum of GO shows similar peaks to the results reported in the literature for as-produced GO [14, 15] . These peaks originate from the recombination of electron-hole (e-h) pairs, localized within small sp 2 carbon clusters embedded within a sp 3 matrix and agglomeration phenomena. Recently, Thomas et al. [15] have shown that as-produced GO con-tains a mixture of lightly oxidized graphene-like sheets, together with heavily oxidized low-molecular-weight materials. These authors suggest that the intense PL observed for GO is due to the presence of oxidative debris on the surface of the graphene-like sheets. The presence of this oxidative debris will play an important role in the interaction of FGO with nanostructured PN. The steadystate photoluminescence spectrum of PN exhibits bands of around 640 and 714 nm, associated with 0-0 and 0-1 transitions [16] ; these peaks are characteristics of porphyrin monomers and J-aggregated, respectively [13, 17] . It is to be noted that the PL intensity of the PN spectrum drops when the FGO is inserted in the PN solution, indicating the high probability of electron-hole recombination in PN [18] . The emission intensity was significantly weakened by introduction of FGO [19] . It is known that the PL emission is the result of recombination of excited electron-hole pairs; lower PL intensity indicates a lower electron-hole recombination rate. Thus, FGO plays an important role in accepting the electrons photogenerated, a necessary factor to improve the photocatalytic activity of PN-FGO [20] .
The PL quenching and the band shift of PN/FGO composite excited at 420 nm, in resonance with the Soret band of the PN, is due to charge/energy transfer between the PN and GO sheets. The decrease of the PL intensity of the FGO indicates that the mixture of PN solution at pH = 2 with FGO solution can lead to a quenching of the FGO PL. This behaviour may originate from the debris contained in FGO, as reported in previous work by Thomas et al. [15] , which interacts with the PN leading to a quenching of the FGO PL. Our results show that one can modulate the PL of this nanocomposite by controlling the pH and concentration of the nanostructured PN.
Resonant Raman Scattering
Resonant Raman spectra of the FGO and porphyrin nanorods obtained at different excitation wavelengths 514 and 785 nm are shown in Figs. 3(a) and (b) . These excitation wavelengths are in resonance with PN aggregate absorption bands presented in our previous work [13] . The fluorescence was automatically subtracted by the spectrometer. In Fig. 3(a) , with 514 nm excitation, the Raman spectra exhibit two prominent peaks, of the D band and G band, as well as a weak and broad 2D band, which is typical of chemically derived graphene; it can also be used to determine the number of sheets in GO. Fig. 3(b) , 785 nm excitation, shows Raman spectra of FGO, PN and composites. The FGO spectrum displays a D band located at 1306 cm -1 , characteristic of defects present on its surface; a G-band is observed around 1595 cm -1 and corresponds to the E2g mode [21, 22] . In the case of the PN, which show resonance behaviour, the 514 nm excitation enhances vibrational bands at low frequencies. The band centred at 1236 cm -1 can be attributed to the stretching of the C m -C ϕ bond; the band at 1386 cm -1 is related to the asymmetrical stretching of the C α -C β -NH bonds [23, 24] ; the band at 1526 cm -1 originates from the stretching of the C β -C β' bond; and the band centred at 1637 cm -1 corresponds to the C-C stretching bond in the phenyl ring [25] . The spectrum of the composite FGO-PN shows the two main bands of FGO overlapping with the PN bands; the D band at 1318 cm -1 and the G-band at around 1600 cm -1 may be attributed to the carbon-carbon stretching. Generally, the ratio of the intensities (I D /I G ) of the two bands D and G is used to provide additional information on the quality of the nanostructured carbon-based materials. It is well known that the quality decreases when the I D /I G ratio increases [26, 27] . It can be seen that the intensity ratio of FGO-PN (I D /I G = 1.44) increases with respect to the GO ratio (I D /I G = 1.40), which is consistent with the introduction of defects on the FGO surface. These changes may be due to the π-π interaction between the FGO and PN, which is in agreement with results presented recently by other researchers [28] .
FT-IR Measurements
In the graphene oxide (FGO) FT-IR spectrum (Fig. 4) we observe the bands located at 1226 cm -1 and 1420 cm -1 , and 1620 cm -1 may be respectively attributed to C-OH and C=C stretching. The peak at 1718 cm -1 may be assigned to C=O stretching of the carboxylic group [27, 29] . In relation to the 3 Omar Bajjou, Precious Nametso Mongwaketsi, Mohammed Khenfouch , Anass Bakour , Mimouna Baïtoul, Malik Maaza and Jany Wery Venturini: Photoluminescence Quenching and Structure of Nanocomposite Based on Graphene Oxide Layers Decorated with Nanostructured Porphyrin porphyrin nanorods we note the presence of a broad intense band centred at 3400 cm -1 , which is attributed to N-H stretching, and the band situated at 2914 cm -1 is related to the stretching vibration of aromatic C-H bonds. In addition, a band is observed at around 1629 cm -1 and corresponds to the C=C stretching in the phenyl nuclei. Moreover, the band at 1540 cm -1 is attributed to C β -C β' stretching, which may be due to symmetrical deformation of the pyrrole rings and the bending strain C α -N-C α' . The band at 1415 cm -1 is attributed to the symmetric stretching of C α -N-C α' and the C β -C β' bond stretching in pyrrole nuclei; there is also a band which appears at 1318 cm -1 corresponding to the asymmetric HN-C α -C β stretching bond. The peak at 1261 cm -1 may be assigned to the asymmetric C α -N-C α' stretching [23, 30] . In FGO-PN we find that the relative intensities of these bands change significantly. Moreover, the absence of the band at 1408 cm -1 and the shift of the N-H band indicate a strong interaction between FGO and PN [28] , confirming our results obtained by resonant Raman spectroscopy and steady-state photoluminescence. 
X-Ray Diffraction
Dummy Text Fig. 5 shows the XRD patterns of FGO, PN, and FGO-PN. The FGO spectrum exhibits an intense and strong peak at 2θ = 11.4°, which is attributed to the (001) lattice spacing of 0.78 nm due to the interlamellar water trapped between the hydrophilic graphene-oxide layers [29, 31, 32] . For porphyrin nanorods the XRD patterns show a strong peak at 2θ =31.75°, attributed to the (701) [33, 34] .
The FGO-PN composite shows a peak at 2θ = 10.03° (dspacing = 0.881 nm); this can be explained by the increase of the inter-planar distance (001) due to the effect of PN trapped by FGO. The increase in the intensity ratio (I D /I G ) observed in Raman spectra corresponding to the FGO surface modification after the intercalation of PN and XRD results is in agreement with this observation. 
Conclusion
The morphological, structural and optical properties of PN and their interactions with FGO have been investigated. SEM showed good adhesion and exfoliation of FGO in PN. The interaction with FGO was seen to alter the aggregate structure of the PN. Strong π-π interaction and charge/ energy transfer between PN and FGO were confirmed by photoluminescence, resonant Raman spectroscopy and FT-IR, suggesting that FGO functionalized with nanostructure PN, with their tuneable structural and optical properties, can yield new opportunities for optic limiting, optoelectronics and photovoltaic devices.
